To evaluate (i) local coronary and systemic levels of microparticles (MP) in acute coronary syndrome (ACS) and stable angina pectoris (SAP) patients and (ii) their release after plaque disruption with percutaneous coronary intervention (PCI). MP are small vesicles originating from plasma membranes of cells after activation or apoptosis and are implicated in the pathogenesis of atherosclerosis. Neutrophils play a role in plaque destabilization and shed neutrophil-derived MP that have the potential to drive significant proinflammatory and thrombotic downstream effects. Eight ACS and eight SAP patients were included. Coronary sinus (CS) samples pre-intervention (CS1), 45 s following balloon angioplasty (CS2) and at 45 s intervals following stent deployment (CS3, CS4 and CS5), together with peripheral vein samples, pre-and post-PCI were analysed for neutrophil-derived (CD66b+), endothelial-derived (CD144+), platelet-derived (CD41a+), monocyte-derived (CD14+) and apoptotic (Annexin V+) MP. ELISA for interleukin (IL)-6, myeloperoxidase (MPO) and P-selectin was also performed. CD66b+ MP levels were similar in both groups pre-intervention. Post-PCI, CS levels rose significantly in ACS but not SAP patients (ACS area under the curve (AUC): 549 + − 83, SAP AUC: 24 + − 29, P<0.01). CS CD41a+, CD144+, CD14+ and Annexin V+ MP levels did not differ between groups. Acute neutrophil-derived MP release post-PCI occurs in ACS compared with stable patients, likely to be reflective of plaque MP content in vulnerable lesions.
Introduction
Microparticles (MP) are small vesicles (0.1-1 μm) originating from plasma membranes of cells. MP are most commonly derived from endothelial cells, platelets, leucocytes [1] and erythrocytes after activation or during early apoptosis [2, 3] . They express surface antigens derived from their cell of origin, allowing for identification of subtype, and the majority (80%) of circulating MP are derived from platelets, with leucocyte-derived MP accounting for <10% [1, 3] . MP play an active role in homoeostasis, inflammation, thrombosis, endothelial function, cell apoptosis, vascular remodelling and signal amplification, depending on their cell of origin [4] . Simultaneous blood sampling from CS and PV pre-intervention (CS1 and PV1) followed by CS sampling 45 s after balloon angioplasty (CS2) was performed. After coronary artery stenting, CS sampling at 45 s intervals was performed (CS3, CS4 and CS5). A final venous sample (PV2) was drawn simultaneously with CS5.
MP are implicated in the pathogenesis of atherosclerosis; they are markedly increased in those with cardiovascular risk factors and in patients with subclinical atherosclerosis [1, 5] . Moreover, ex vivo studies in human carotid plaque correlated the presence of leucocyte MP with plaque instability [6] , whereas peripheral levels of endothelial-derived MP have been shown to be elevated in acute coronary syndrome (ACS) compared in patients with stable angina pectoris (SAP) [7] . However, characterization at local coronary level of leucocyte and particularly neutrophil-derived MP in patients with stable and unstable coronary plaque has not yet been described. Therefore, we aimed to evaluate (i) local coronary and systemic levels of MP in ACS and SAP patients and (ii) their release after percutaneous coronary intervention (PCI).
Materials and methods

Patient population
Sixteen consenting patients (eight ACS and eight SAP, as per ACC/AHA 2007 guidelines) [8] were recruited from the Department of Cardiology, Royal Prince Alfred Hospital (RPAH), Sydney, NSW, Australia. In all patients, the culprit lesion deemed appropriate for PCI was >70% stenosis.
Blood sampling
During PCI, coronary sinus (CS) blood samples were collected at five intraprocedural time points (CS1-5). Peripheral venous (PV) blood was collected, pre-procedure (PV1) and post-procedure (PV2) from the common femoral vein (Figure 1 ). Our technique to safely cannulate the CS ostium has recently been described [9] . All blood samples were stored at ambient temperature and immediately processed within an hour of collection. Inclusion criteria included all patients >21 years of age who had a clinical indication for a coronary angiogram and PCI at RPAH. Exclusion criteria included patients with >50% stenosis in the left main coronary artery, cardiogenic shock or haemodynamic instability, age <21 years, pregnant or lactating women, moderate renal or hepatic dysfunction, thrombocytopenia or leucopenia. Patients with evidence of active infection or inflammatory conditions that might be associated with markedly elevated C-reactive protein (CRP) levels in the blood and those taking other anti-inflammatory therapies (e.g. corticosteroids) were also excluded. All patients received unfractionated heparin at a dose to achieve an activated clotting time of >250 s. 
Blood processing
Plasma was separated from whole blood by centrifugation at 20
• C at 1500×g for 10 min. A 300 μl volume of plasma was retained for additional differential centrifugation. Remaining plasma was stored at −80
• C. Cell-derived MP were isolated from fresh plasma by differential centrifugation at 20
• C at 12000×g for 12 min. A volume of platelet-poor plasma (PPP) was retained for immediate antibody staining and flow cytometry (FCM) analysis.
MP FCM
Blood sample collected was quantified with FCM (FACSVerse, BD Biosciences) and analysed using FACSuite software (v1.0.5.3841) (Figure 2 ). Based on the use of fluorescent-calibrated submicrometer beads (Megamix-Plus FSC (Nr.01077) and Megamix-Plus SSC (Nr.01078); BioCytex) size-related issues, resolution, PMT voltages and thresholds were optimized to cover a size-range from 0.3 to 1.0 μm MP equivalents. Spectral overlap among seven fluorochromes (FITC, BV421, BV510, PE-Cy-7, PE, AF647 and PerCP-5.5) was avoided by compensation using single-stained compensation beads (BD552843) and fluorescence minus one (FMO) controls. Mouse anti-human monoclonal antibodies (BD Biosciences) were used to quantify MP subtypes. Titration curves for all antibodies were used to establish appropriate antibody concentrations. Standardized FCM protocols were adapted and applied to all patient samples. MP in 20 μl of PPP were labelled with 100 μl antibody cocktail containing PBS, Annexin V-FITC (BD556419), CD14-BV421 (BD563743), CD31-BV510 (BD563454), CD33-PE-Cy7 (BD333946), CD41a-PE (BD555467), CD66b-AF647 (BD561645) and CD144-PerCP-5.5 (BD561566) at an ambient temperature for 10 min. After antibody labelling, MP were immediately analysed by FCM. MP subsets assessed included neutrophil-derived (CD66b+), endothelial-derived (CD144+), platelet-derived (CD41a+), monocyte-derived (CD14+) and apoptotic (Annexin V+). A low flow rate was used to acquire a total of 500000 events per sample. Trucount tubes were used to evaluate absolute MP counts. Results were expressed at events per microlitre [10, 11] .
Plasma ELISA
Frozen plasma samples were assayed using ELISA to measure concentrations of interleukin (IL)-6 (R&D Systems Il-6 Quantikine ELISA kit), myeloperoxidase (MPO) (Hycult Biotech, Human MPO ELISA) and P-selectin (R&D Systems P-selectin/CD62P Quantikine) as per manufacturers' instructions.
Angiographic analysis
Lesion percentage stenosis and characteristics [12] , stent length, size, number and type were recorded. Thrombosis in myocardial infarction (TIMI) flow post-intervention was documented [13] . Gensini score, a marker of atherosclerotic burden, determined angiographically incorporating the severity and location of all stenoses in the coronary bed, was also assessed pre-intervention [14] .
Statistical analysis
All continuous variables were reported as mean + − S.D. and categorical variables as number (percentage). Release of MP and cytokines over all sampling time points after PCI was quantified by area under the curve (AUC) + − S.E.M. Total AUC for each group or levels at specific time points between and within groups were compared using Student's t test continuous variable associations, including Gensini score and MP levels were assessed with linear regression. All tests were two-tailed with acceptable type 1 error set at P<0.05. Statistical analyses were performed in Graph Pad Prism Version 6.0 (Graph Pad Software, LA Jolla, CA) and SPSS for Macintosh version 23 (IBM, Armonk, NY).
Results
Patient characteristics
Baseline characteristics were similar between groups (Table 1) . Within the ACS group, four patients presented with an NSTEMI, two with STEMI with delayed revascularization and two with unstable angina pectoris (UAP). All patients received dual antiplatelet therapy pre-intervention and 11/16 received statin therapy at the time of intervention. Two patients in the ACS group received GpIIb/IIIa inhibitor during PCI and all patients received heparin pre-intervention, aiming for an activated clotting time of 250-300 s. CRP and troponin levels pre-and post-intervention were higher in the ACS group; however, absolute neutrophil count was similar between groups.
Angiographic characteristics
The mean stent length and diameter was 25.00 + − 15.05 mm and 3.18 + − 0.53 mm respectively in the SAP group and 20.25 + − 11.95 mm and 3.00 + − 0.53 respectively in the ACS group. All ACS patients and six out of eight SAP patients received drug-eluting stents (DESs), one SAP patient received a bioabsorbable scaffold and two received bare-metal stents (BMSs). TIMI frame count (TFC) was 16.4 + − 7.47 in SAP and 17.1 + − 8.26 in ACS, P=0.88. The Gensini score, a measure of extent of coronary atherosclerosis on angiography was similar in SAP and ACS patients (23.13 + − 19.74 compared with 41.38 + − 41.61, P=0.28) ( Table 2) .
Neutrophil-derived MP
Pre-intervention CD66b+ MP CS1 and PV1 levels were comparable between groups and within each group there was no difference in CS and PV levels. Post-intervention, CS levels increased significantly in ACS compared with SAP patients (ACS AUC: 549 + − 83, SAP AUC: 24 + − 29, P=0.01). Levels of this MP were also significantly higher in ACS compared with SAP patients at each time point post-intervention (CS2: ACS 278. (Figure 3 ). Post-intervention, PV were comparable to pre-PCI levels in both groups.
Platelet-derived MP
Pre-intervention, platelet-derived MP levels (CD41a+) in PV and CS blood were comparable between groups. Post-intervention, CS levels did not increase in ACS compared with SAP patients (SAP AUC: 646 + − 949, ACS AUC: 1115 + − 526, P=0.12). There was a non-significant trend to increased levels in ACS patients at CS5 time point (1757 + − 1672 events/μl) compared with CS1 (1053 + − 791.8 events/μl) in the ACS group (P=0.08). Post-intervention, PV levels were comparable to pre-PCI levels in both groups (Figure 4 ). 
Endothelial, monocyte and apoptotic MP
Endothelial-derived MP (CD144+ MP), monocyte-derived MP (CD14+ MP) and apoptotic (Annexin V+) MP levels were not significantly different than pre-intervention in either group and were unaffected by PCI.
Proportions of MP pre-and post-intervention
Pre-intervention platelet-derived MP accounted for the majority of MP levels detected followed by monocytes/macrophages and to a significantly smaller degree neutrophil and endothelial-derived MP. Post-PCI levels of neutrophil-derived and platelet-derived MP increased in ACS but not in SAP patients ( Figure 5 ).
Cytokine levels
IL-6
Pre-intervention, CS IL-6 levels appeared numerically but not statistically and significantly higher in ACS compared with SAP patients (83.8 + − 40.6 pg/ml compared with 5.4 + − 1.8 pg/ml, P=0.07). Post-intervention, CS analysis again demonstrated no significant difference despite numerically greater AUC in ACS compared with SAP patients (23.3 + − 11.6 compared with 1.4 + − 1.4, P=0.08). In both groups, there were no significant differences in venous levels preand post-intervention (SAP pre: 7.2 + − 2.1 pg/ml, SAP post: 7.6 + − 2.3 pg/ml; ACS pre: 49.3 + − 22.5 pg/ml, ACS post: 52.2 + − 25 pg/ml). 
MPO
Pre-intervention, CS levels were comparable in both patient groups (SAP: 135.9 + − 8.1 ng/ml, ACS: 128.5 + − 21.2 ng/ml). Post-intervention, there was a significantly greater AUC in ACS compared with SAP patients (71.2 + − 25.9 compared with 2.3 + − 9.8, P=0.03). In either patient group, venous levels were similar pre-and post-intervention (SAP pre: 140.0 + − 5.5 ng/ml, SAP post: 145.0 + − 6.7 ng/ml; ACS pre: 157.2 + − 7.9 ng/ml, ACS post: 169.2 + − 11.8 ng/ml).
P-selectin
Pre-intervention, CS levels were comparable in both patient groups (SAP: 115.5 + − 19.9 ng/ml, ACS: 128.3 + − 14.7 ng/ml), with a non-significant change in AUC post-intervention in ACS patients compared with SAP patients (unstable: 23.4 + − 21.5, stable: 0.3 + − 6.3, P=0.3). In either group, pre-and post-intervention venous levels were comparable (SAP pre: 123.2 + − 18 ng/ml, SAP post: 119.5 + − 18.3 ng/ml; ACS pre: 116.1 + − 16.4 ng/ml, ACS post: 116.5 + − 13.4 ng/ml).
Pre-intervention CD66b+ MP levels were significantly higher in 6/16 diabetics (P=0.037), however remained similar when analysed with respect to other cardiovascular risk factors, lesion length, complexity, overall coronary burden, stent length or pre-PCI troponin level. Post-intervention MP levels were not different when patients were analysed with respect to any of these factors. 
Discussion
Here, we demonstrate for the first time, striking differences in MP release following plaque disruption by PCI in ACS compared with SAP patients, with an early and highly significant increase in CD66b+ MP and a late increase in CD41a+ MP. Notably, these changes were only seen in the CS, underpinning the importance of intracardiac sampling as a more specific measure of the local coronary microenvironment compared with peripheral sampling alone. In parallel with CD66b+ release, we also demonstrate a significant release of MPO into the coronary circulation in ACS patients. MP have previously been identified in human atherosclerotic plaque [15] and have been implicated in promoting plaque instability [6] . Moreover, MP analysis in STEMI patients revealed decreased concentrations of all MP, except for leucocyte-derived MP, which did not change [16] . Notably, in the present study, coronary artery blood distal to the stenosis was assayed, and it is therefore plausible that MP were rapidly washed-out into the distal circulation after coronary stenting and therefore could not be accurately measured. In contrast, our study employed CS sampling, which allowed us to measure local coronary changes more accurately and immediately after PCI as compared with PV or distal coronary artery sampling. Our study demonstrated a high concentration of CD66b+ MP released from unstable coronary plaque. Importantly, pre-PCI levels of these mediators were comparable between groups. There are three possible explanations for our findings: (i) CD66b+ MP were already shed by plaque-associated activated neutrophils before PCI, but trapped within plaque, possibly within thrombus, with PCI resulting in disruption of the plaque-thrombus interface and MP release into the coronary circulation, (ii) PCI induces de novo neutrophil activation -as plaque-trapped neutrophils are more abundant in vulnerable compared with stable plaques, PCI will generate greater release of CD66b+ MP from vulnerable plaque and (iii) PCI brings cholesterol crystals (which are more abundant in vulnerable compared with stable plaque) in close contact with blood neutrophils, which may lead to their activation [17] .
Neutrophils are thought to play a key role in plaque destabilization [18] . Activated neutrophils shed CD66b+ MP, which might drive a number of acute inflammatory and thrombotic effects including direct activation of the complement cascade [19] , activation of endothelial cells with inflammatory cytokine release and promotion of local tissue destruction via expression of MPO, elastase, MMP-9 or proteinase-3 [20] . Consistent with these findings, we also observed a parallel rise in MPO and IL-6 release after plaque disruption in ACS patients. MPO is a pro-atherogenic enzyme released from activated neutrophils [21] , which promotes dissolution of the fibrous cap of plaque, leading to plaque rupture [22] . IL-6 is key downstream inflammatory cytokine, strongly linked with disease activity [23] as well as future coronary events [24, 25] . Taken together, these effects underpin a potential pathogenic role for these MP in patients with plaque destabilization.
The consequences of CD66b+ MP release in the setting of PCI may also explain some of the complications seen with PCI in ACS but only rarely with SAP patients, such as no-reflow, thrombosis and microvascular dysfunction. Leucocyte-derived MP in atherosclerotic plaque promote tissue factor activation [4, 26, 27] , which is implicated in coronary no-reflow [28] . Neutrophil activation and thrombosis may promote microvessel obstruction and increased infarct size via neutrophil plugging and microthrombi [29] . Indeed, a recent study that analysed coronary thrombus in the setting of ACS, demonstrated the presence of activated neutrophils, the levels of which correlated with infarct size [30] . In our study TFC, as assessed by standard methodology [13] , was similar between groups and inconsistent with previous studies demonstrating platelet and endothelial-derived MP to be associated with microvascular obstruction as assessed by TFC [31] . However an alternate invasive assessment of microvascular function post-PCI (e.g. recording the index of microcirculatory resistance) [32] might demonstrate an association between release of CD66+ MP and microvascular dysfunction; this requires further study.
We also demonstrated a late non-significant rise in platelet-derived CD41a+ MP in ACS patients only, and it is conceivable that even later sampling may have yielded significant differences. In particular, Inoue et al. [33] demonstrated in stable patients undergoing LAD PCI, significant elevations in these MP at 24 and 48 h in CS and PV post-PCI. It is therefore plausible that this late rise in CD41a+ MP may represent activation of platelets by α M β 2 expression [34] on CD66b+ MP, rather than release of intraplaque CD41a+ MP.
Limitations of our study include the small sample size and thus conclusions drawn on eight patients per group should be interpreted with care. This precluded multivariate analysis for confounding variables, due to the challenging nature of collecting multiple intracardiac samples, which were then immediately analysed. Nonetheless, we believe our FCM protocol offers several advantages over recently published MP studies, in that we used fresh not frozen blood, as the freeze-thaw process has been shown to deleteriously affect accurate identification of MP populations, as well as employing single markers to accurately detect a range of MP subpopulations [35] . Moreover, by taking multiple samples during PCI, we were able to acutely study the release kinetics of these MP. We did not assess release of the very small MP population (100-300 nm). FCM cannot reliably detect these particles and other techniques cannot reliably characterize them to a cell of origin, which was the primary aim of the present study. While we have documented the release of neutrophil-derived MP into the coronary circulation after plaque disruption, we cannot conclude that these MP directly contribute to intracardiac inflammation and post-PCI complications, which are both driven by multiple pathways [36] . Lastly, we did not observe an association between CD66b+ MP release and adverse outcomes, e.g. infarct size.
Conclusion
In the present study we demonstrated, for the first time, in humans, in vivo evidence of neutrophil activation in vulnerable coronary plaque, as demonstrated by an acute release of neutrophil-derived CD66b+ MP and MPO after PCI, providing a unique insight into unstable plaque biology and inflammatory activation occurring in the coronary circulation after PCI of vulnerable plaque. Further studies are currently being conducted to address the possible physiologic consequences of this release, correlate plaque composition as determined by intravascular imaging with MP release and to assess whether MP might be a potential therapeutic target to reduce PCI complications in ACS patients.
